Abstract: We demonstrate here guided mode resonance (GMR) concentric circular grating filters (CCGFs) on an HfO 2 -on-silicon platform. The fabricated devices are realized with a membrane structure by completely removing the silicon substrate beneath the HfO 2 device layer and, thus, can operate across the entire visible wavelength band. Polarization-insensitive properties under normal incidence are experimentally achieved resulting from their rotational symmetry. Substantially differing from 1-D linear grating filters, CCGFs typically feature a couple of resonant peaks for normal incident arbitrary linear polarization, which, from a local point of view, can be physically attributed to the coexistence of azimuthal and radial components of the incident light electric field. The CCGFs here have potential applications, such as polarization-insensitive two-color mixing devices and polarization-insensitive color filtering devices.
Introduction
Guided mode resonance (GMR) typically occurs in periodic subwavelength grating structures, in which the first-order diffracted mode cannot propagate freely but is coupled into a guided mode supported by the structures. The guided mode is then scattered to the zeroth order diffracted mode and interferes with the incident wave to produce a high efficiency reflection or transmission spectrum [1] , [2] . As a fundamental application of this effect, GMR filters have been investigated extensively since the 1990s [3] - [8] . They are able to operate at various wavelength bands [5] - [8] , and can be designed as bandstop (reflection) [3] , [4] or bandpass (transmission) [5] , [7] , [8] types in terms of our demands via tailoring their structure and/or material parameters. In comparison with Fabry-Pérot filters consisting of quarter-wave thin film dielectric stacks, GMR filters are much more compact. Up to now, a large majority of the reported GMR filters, including theoretical models and experimental demonstrations, are based on 1-D linear grating structures, most of which are highly sensitive to the polarization of the incident wave. This feature is useful for polarization-selective applications but a dominating drawback when the incident wave is unpolarized or of uncertain polarization. Meanwhile, polarization-insensitivity seems more preferable in several particular fields, e.g., dense wavelength division multiplexing systems and nonpolarizing filters.
Several literatures have reported their efforts to achieve polarization-insensitive grating filters (PIGFs). Lacour et al. [9] and Niederer et al. [10] exhibit their work on 1-D PIGFs for obliqueincident applications. Fu et al. [11] give a theoretical design of a normal-incident 1-D PIGF composed of one grating layer and a four-film stack; Alasaarela et al. [12] further show that normal-incident 1-D PIGF can be obtained by integrating one waveguide layer and one rectangular or sinusoidal profile grating layer. By utilizing dual 1-D crossed structure, PIGF under normal-incidence can also be achieved [13] . On the other hand, polarization-insensitivity seems to be the nature of two-dimensional (2-D) grating filters due to their structure symmetry. Accordingly, a number of 2-D PIGFs have been modeled and implemented. Their grating layers are typically designed to be with 2-D patterns such as rhombic style [14] , quadrate bump style [15] - [19] , or circular air hole style [20] , [21] .
Although concentric circular gratings have been studied extensively and applied to various optoelectronic devices such as semiconductor lasers, photodetectors, and grating couplers [22] - [25] , new attributes/aspects relating to them continue to appear even nowadays [26] , [27] . Here, we present the experimental demonstration of GMR concentric circular grating filters (CCGFs) on HfO 2 -on-silicon platform, which exhibit polarization-insensitive properties under normal-incidence resulting from their structure symmetry. More interestingly, CCGFs typically feature a couple of resonant peaks rather than single one under normal incident arbitrary linear polarization, which substantially differs from well-reported 1-D linear grating filters, and, most probably, has never been experimentally reported elsewhere in terms of our best knowledge. From a local point of view, the physical basis for this phenomenon probably originates from the coexistence of azimuthal component and radial component of incident light electric field (E-field).
Device Fabrication and Characterization
As a kind of excellent optical material, HfO 2 is transparent from visible to infrared band and possesses outstanding characteristics including high laser damage threshold, good thermal/ chemical stability [28] , [29] . The HfO 2 -on-silicon platform is cost-effective, and can be prepared via the evaporation of HfO 2 material onto silicon substrate [28] . Our HfO 2 -on-silicon platform comprises a ∼200 nm HfO 2 device layer and a ∼200 m silicon handle layer. By utilization of double-side process technique [30] , [31] , silicon substrate beneath the HfO 2 grating patterns is removed completely. Thus, the CCGFs here are with a membrane structure and can operate across the entire visible band. Fig. 1(a) depicts the schematic of the CCGF, which consists of a subwavelength concentric circular HfO 2 grating layer and a homogeneous HfO 2 waveguide layer. The refractive index of HfO 2 is treated as ∼1.95 in visible band [28] , [31] . Other key parameters include grating period^, grating ridge width W , filling factor , grating layer thickness T g , and waveguide layer thickness T w . is defined as the ratio of W to^, i.e., ¼ W =^. The grating periods are chosen to be sufficiently small such that only zeroth diffraction order propagates freely within the measured wavelength range.
The fabrication flow of CCGF is schematically illustrated in Fig. 1(b) . We start by spincoating an electron beam (EB) resist layer on the top surface of the platform, followed by the definition of grating patterns in this layer (step a). The grating structure is then transferred to the HfO 2 device layer employing ion beam etching (IBE) (steps b and c), which is a pure physical etching process, and uses an energetic and highly directional Ar ion source to anisotropically etch the HfO 2 material. Similar processes are adopted to form the supporting arms of the membrane structure (steps d and e). After removing the residual resist, the processed patterns are covered by thick photoresist. The silicon substrate beneath the grating region is patterned from the backside by photolithography and etched away completely by deep reactive ion etching (DRIE) with C 4 F 8 and SF 6 hybrid plasma (steps f and g). The membrane CCGF surrounded by air on the top and bottom is finally generated after removing the residual photoresist (step h).
When the silicon substrate beneath the grating structure is etched away, the HfO 2 membrane will experience a stress relief process, and hence, there might be some wrinkling or distortions, which may lead to a crack of the membrane structure. Four supporting arms (not shown in Fig. 1 (a) for simplicity), with width and length to be 25 m and 40 m, respectively, are adopted to cope with this consideration. This scheme is rather efficient from the view of plate mechanics. A three-dimensional topography captured from the backside of an accomplished device is shown in Fig. 2 , where a crack-free structure is observed, demonstrating that the membrane is robust enough to sustain the stress relief during the whole fabrication process.
The CCGF here is with a diameter of ∼23 m, and defined on a supported quadrate HfO 2 membrane with dimensions of 100 m Â 100 m.
Two CCGFs, namely, CCGF-I and CCGF-II, are physically characterized. The designedâ nd of CCGF-I are 450 nm and 0.5, while those of CCGF-II are 450 nm and 0.7, respectively. Fig. 3 (a) displays the atomic force microscope (AFM) image of CCGF-I around the center of the concentric circles. The cross-sectional profile between points A and B is shown in Fig. 3(c) , where we determine the fabricated device parameters to be^$ 448 nm and $ 0:49, which are close to the designed ones. The AFM image of CCGF-II is displayed in Fig. 3(b) , while cross-sectional profile between points C and D is exhibited in Fig. 3(d) , where we find the practical parameters are^$ 461 nm, $ 0:71. More notably, we observe that the surfaces of the grating ridges are not flat but extremely rough, which probably exacerbates the scattering loss, degrades the resonant reflection efficiency, and gives rise to a high sideband. The effective grating thickness T g is roughly estimated from Fig. 3(c) and (d) to be ∼70 nm, and thus, waveguide layer thickness T w is ∼130 nm. 
Measured Results
Optical characterizations of the CCGFs are performed by using a micro-reflection measurement system [32] , which is schematically shown in Fig. 4 . The Bentham WLS100 with a multimode fiber pigtail is used as the white light source, and the polarization is specified by a polarizer. Lens 1 and the objective (numerical aperture: 0.75) are confocal, as well as the objective and lens 2, lens 2 and lens 3. Lens 4 is placed on the focal plane of lens 3, and the CCD is placed on the focal plane of lens 4. What calls for special attention is that lens 1 is movable. When lens 1 functions well, the system works at the mode of Kohler illumination, and the image of the illuminated region can be clearly recorded by the CCD, as shown in Fig. 5(a) . This operation mode facilitates our search for the target sample on the chip. When performing spectral measurements, lens 1 must be removed away. Then, the system operates at the mode of critical illumination, and a focusing light spot with a diameter of ∼10 m can be observed, as shown in Fig. 5(b) . To keep the symmetry, the center of the light spot is well-aligned with the center of the CCGF. The light intensity is measured by an Ocean Optics USB2000 spectrometer. To obtain the reflectivity of the CCGF, we first measure the light intensity of the dark background I D . Then, we measure the reflected light intensity I M from a reference silver mirror with nearly 100% reflectivity. Next, the reflected light intensity I F from the CCGF is measured. Finally, we determine the reflectivity of the CCGF via the calculation ðI F À I D Þ=ðI M À I D Þ for each wavelength.
The measured reflection curves of CCGF-I under normal incidence are shown in Fig. 6(a) . For the x -polarized incident light (E-field parallel to x -axis in Fig. 2) propagating along +z axis (also specified in Fig. 2 ), a couple of reflection peaks, namely, A 1 and B 1 , are observed in wavelength range from 550 nm to 800 nm. The central wavelength, peak reflectivity and full-width at half-maximum (FWHM) of peak A 1 are ∼599.5 nm, ∼0.367, and ∼17 nm, while those of peak B 1 are ∼713 nm, ∼0.399, and ∼33.5 nm, respectively. By rotating the polarizer for 90°, reflection spectrum of CCGF-I under y -polarization (E-field parallel to y -axis in Fig. 2 ) is also displayed in Fig. 6(a) , where we determine the central wavelengths, peak reflectivities and FWHMs of peaks A 2 and B 2 to be ∼600 nm, ∼0.414, ∼17.5 nm, and ∼712.5 nm, ∼0.437, ∼29 nm, respectively. Thus, the central wavelengths as well as FWHMs of the two sets of peaks, i.e., A 1 and A 2 , B 1 and B 2 agree well with each other, illustrating the polarization-insensitivity of CCGF under normal incidence. Nonetheless, the measured peak reflectivities of A 1 and B 1 under x -polarization are a little lower than those of A 2 and B 2 under y -polarization. This is most probably because the output light from the fiber (light source) is not completely non-polarizing, but partially polarizing. When rotating the polarizer, there exists a slight variation in light intensity, which affects the measured results. Besides, the measurement system comprises of various optical components such as lenses, beam splitters and objective, some of which may be also a little polarizationsensitive and, thus, exert negative influence on the measured results.
It is well reported that the alteration of grating parameters will change the leaky waveguide mode supported by the grating structure and consequently affect the wavelength location of GMR, as well as the spectral lineshape and linewidth [3] . Fig. 6(b) displays the measured reflection spectra of CCGF-II, whose filling factor is larger than that of CCGF-I while keeping other parameters consistent. For x -polarization incidence, the central wavelengths, peak reflectivities and FWHMs of peaks C 1 and D 1 are attained to be ∼631.5 nm, ∼0.461, ∼21.5 nm, and ∼724.5 nm, ∼0.395, ∼16nm, while those of peaks C 2 and D 2 obtained under y -polarization are ∼631.5 nm, ∼0.557, ∼22 nm, and ∼724.5 nm, ∼0.437, ∼18 nm, respectively. Therefore, the two sets of peaks, i.e., C 1 and C 2 , D 1 and D 2 , agree well except for some discrepancies in peak reflectivities, which have been qualitatively explained in preceding part. The two reflection peaks of CCGF-II move toward longer wavelength in comparison with that of CCGF-I due to a larger filling factor. Obvious small side lobes appear on the left sides of peaks A 1 , A 2 , C 1 , and C 2 , which probably arise from the inconspicuous misalignment between the normal direction of CCGFs and the incident beam axis. For off-normal incidence, GMRs corresponding to the positive and negative first-order evanescent light waves occur at different wavelength, and thus, the reflection peak will split up. Similar phenomenon has been reported in both 1-D linear grating filters [3] and 2-D checkered grating filters [18] .
As stated previously, rotating the polarizer may lead to light intensity variation of the measurement system, which ultimately affects the measured reflectivity. To eliminate this negative effect in the following experiment, we rotate the CCGFs round their surface normal for 90°instead of the rotation of the polarizer. This scheme is equivalent to rotating the polarizer in detecting the polarizationdependent properties of the devices while maintaining the stability of light intensity. Fig. 7 shows the measured reflection spectra before and after the rotation of CCGF-I by fixing the incident light at x -polarization. The two reflection curves superimpose fairly well with each other, except for a little difference between the two peaks at 713 nm wavelength probably resulting from measurement error. Similar results are obtained from CCGF-II, which is not exhibited here repeatedly.
As we see from Fig. 3 , the grating ridge surfaces are extremely rough, which will degrade the reflection efficiencies of the CCGFs. To obtain a higher reflection efficiency, we should improve the fabrication technique to realize a better grating quality. The FWHM of the reflection peak can be readily adjusted and optimized via tailoring the grating parameters such as period and filling factor. We here define the wavelength spacing between the two peaks of CCGF as Á. In Fig. 6(a) , Á is ∼112.5 nm for CCGF-I, while Á is ∼94 nm for CCGF-II in Fig. 6(b) . That is, Á is changeable by but not limited to the filling factor. Thus, the CCGF can be applied to select two specified channels from incident light according to tailoring the grating parameters, and polarization-insensitive two-color mixing applications may be exploited [33] . Moreover, if our design makes one reflection peak falls out the visible wavelength band and, thus, outside the human perception zone, polarization-insensitive color filtering applications of CCGF may also be realized.
Simulation Results and Discussions
Direct spectral calculations of a CCGF generally involve time-consuming 3-D simulations by virtue of finite-difference time-domain (FDTD) or finite element method (FEM), and most disappointingly, impose a steep demand on computer hardware, which is beyond our calculation platform. Fortunately, a 1-D linear grating filter illuminated by TE polarization (E-field being parallel to the linear grating bars) and TM polarization (E-field being perpendicular to the linear grating bars) can be regarded as the linear analog of a CCGF illuminated by azimuthal polarization (E-field being tangential to the circular grating bars) and radial polarization (E-field being perpendicular to the circular grating bars), respectively. In other words, the reflection (or transmission) spectrum of a CCGF can be exactly simulated indirectly via its linear analog. This view of point has been verified in [34] both theoretically and experimentally. It is important to note here that the CCGF and its linear analog should share the same set of structure and material parameters.
At each local point on CCGF, the E-field of normal incident linear polarized light can be decomposed into two orthogonal parts: azimuthal component E a and radial component E r , as shown in Fig. 8(a) . Judging from the overall effect, E a occupies 50% of the total light intensity, as well as E r [34] . When performing simulations, we set polarization angle ' to be 45°for its linear analog, as shown in Fig. 8(b) , to make sure that TE component E TE and TM component E TM divide equally the total light intensity. Then, the reflection spectrum of the CCGF in Fig. 8(a) can be obtained indirectly via the calculation of the reflection spectrum of its linear analog in Fig. 8(b) by using rigorous coupled wave analysis (RCWA) method. Taking advantage of this indirect method, the calculated reflection spectra of CCGF-I and CCGF-II are achieved and shown in Fig. 9 (a) and (b) (black curves), respectively. The structure parameters of CCGF-I adopted here The discrepancies in peak locations, peak reflectivities and FWHMs between measured and simulated results are mainly caused by the deviations of the fabricated devices from the theoretical models. For instance, the ridges of the fabricated gratings are usually with a trapezoidal shape and highly rough surfaces, whereas we consider them in the theoretical models to be rigorously rectangular ones and with absolutely smooth surfaces. Thus far, what we should emphasize on here is that a CCGF can be readily and efficiently designed and optimized via its 1-D linear analog by utilizing RCWA. In addition, the reflection curves of the linear analogs of CCGF-I and CCGF-II under TE-only and TM-only polarizations are also calculated and displayed in Fig. 9(a) and (b) , respectively.
For well-reported 1-D linear grating filters, GMRs corresponding to TE polarization and TM polarization generally occur at different wavelength owing to polarization-sensitivity. There exists only one resonant peak for normal incident TE (or TM) polarization within the wavelength band where single mode resonance occurs [35] . We now suppose one linear grating filter, namely, LGF, is formed on the same platform while keeping all of its structure parameters (^, , T g , T w ) completely consistent with those of CCGF-I (or CCGF-II). In other words, LGF will be the linear analog of CCGF-I (or CCGF-II).
LGF should present only one resonant peak for normal incident TE (or TM) polarization within the same wavelength range, since HfO 2 waveguide layer T w here is merely ∼130 nm in thickness, can support single mode resonance in the measured wavelength range of 550-800 nm (as a matter of fact, this speculation has been experimentally verified in [31] ). When it comes to CCGF, the situation seems to be substantially different. Azimuthal component E a and radial component E r divide equally the total light intensity. The two GMRs corresponding to E a and E r take place at different wavelength simultaneously. This is why we generally obtain a couple of reflection peaks rather than single one for CCGF under normal incident arbitrary linear polarization even with a ∼130 nm-thick HfO 2 waveguide layer. For linear grating filters, GMR corresponding to TE polarization typically occurs at a longer wavelength in comparison with that corresponding to TM polarization [3] , [31] . From a local point of view, E a is parallel to the grating ridges/grooves of CCGF and, hence, can be regarded as TE polarization, while E r is taken for TM polarization owing to its perpendicularity to the ridges/grooves. Accordingly, it is reasonable to believe that the peak of CCGF at longer wavelength corresponds to azimuthal component E a , while radial component E r should be responsible for the peak at shorter wavelength. This viewpoint has been further verified by the simulation results in Fig. 9 . At last, we should note that the polarization-insensitive property of CCGF is an average effect for far field radiation, that is, the CCGF is still polarization-sensitive for the near field, since the resonant efficiency of each local point on the CCGF is closely dependent on the orientation of the grating around this point.
Conclusion
In conclusion, we successfully demonstrate GMR CCGFs on HfO 2 -on-silicon platform. The fabricated devices are with a membrane structure thanks to the complete removal of silicon substrate beneath the HfO 2 device layer and, thus, can operate across the entire visible wavelength band. The CCGFs exhibit polarization-insensitive properties under normal incidence resulting from their structure symmetry. Differing from 1-D linear grating filters, a couple of reflection peaks are obtained for CCGFs under normal incident arbitrary linear polarization, since GMRs corresponding to azimuthal component and radial component of light E-field generally occur at different wavelength, simultaneously. Notably, CCGFs can be efficiently designed and optimized via their 1-D linear analogs by utilizing RCWA. The potential applications of CCGFs include polarization-insensitive two-color mixing devices and polarization-insensitive color filtering devices.
